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Abstract 
The achievement of fine equiaxed grains over large columnar grains in casting stage can 
significantly improve the downstream processes such as rolling, forging etc. Al-Cu and Al-Zn 
alloys are very high strength materials used in the aerospace industry, and achieving fine 
grained structures in these applications means that higher yield strength, better fracture 
toughness, and machinability and better safety assurance. The primary aim of this research is 
to understand the efficiency of grain refinement (finest grain size) that can be obtained from 
addition of solute compositions, application of ultrasonic treatment, 50ppm titanium addition 
in the form of Al3Ti1B master alloy and a combination of all three conditions. The average 
grain size measurement of each alloy compositions were measured to understand the extent of 
grain refinement achieved by each condition. It was found that an increase in solute 
percentages made restriction of grain growth but introducing ultrasonic treatment 
simultaneously with solute compositions attained better grain refinement than either solute or 
Al3Ti1B master alloy alone. The combination of ultrasonic treatment, 50ppm Ti addition and 
solute made an improvement to the grain refinement of Al-Cu alloys treated with ultrasonic 
treatment and solute. However, when the three treatments were combined for Al-Zn alloys, 
there was not a significant improvement in grain size reduction compared to the two 
treatments alone. Therefore, it can be concluded that in Al-Cu alloys, there is a benefit in 
applying the ultrasonic treatment and Al3Ti1B master alloy together. On the other hand, Al-
Zn alloys doesn’t grain refine even further when ultrasonic treatment and Al3Ti1B inoculant 
are combined together.  
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1 Introduction 
Aluminium is the second most abundant metallic element on earth, and it is one of the most 
widely used engineering metal alloys due to its light weight, corrosion resistance, excellent 
thermal and electrical conductivity, fabricability, and excellent physical and mechanical 
properties (Rooy, 1990). The commercial applications of Aluminium alloys include 
aircraft/automobile/marine(transportation) components, packaging, building components and  
a variety of applications in modern life such as cooking utensils, smartphone frames to name a 
few. Pure aluminium has a density of 2.7g/cm3 in comparison to steel 7.83g/cm3 according to 
Rooy (1990). Pure aluminium has an FCC crystal structure with low strength and high 
ductility making it unsuitable for practical use by itself. Therefore, the addition of alloying 
elements such as copper, zinc, magnesium and Silicon etc. are highly used in the production 
industry. Aluminium alloys consist of casting and wrought alloys. The 2xxx-series (Al-Cu) 
and 7xxx-series (Al-Zn) are analysed in this experimental research. 
The primary research question addressed in this report is the process of achieving grain 
refinement in Al-Cu and Al-Zn alloys. Normally, when aluminium alloys are cast the 
formations of grains are coarse and planar in structure. This is not at all desirable in alloy 
microstructures due to its poor strength and non-uniformity of grains in casting which leads to 
poor machinability and fabrication characteristics. 
This problem arises because normally during the casting of Al alloys, they are subjected to 
impurity structures, the entrapment of hydrogen and the formation of dendritic structures; 
these can all reduce the material structure for downstream processes. Therefore, further 
modifications to the cast samples are needed to improve the mechanical properties such as 
degassing, refinement and controlling level of porosity according to Puga et al., (2013).  
In order to overcome the problems associated with conventional casting, addition of Al3Ti1B 
master alloy which is standard industrial practice, application of ultrasonic treatment that uses 
ultra-frequency vibrations of 20 kHz into the liquid melt can be done. The addition of 
Al3Ti1B master alloy and application of ultrasonic treatment revealed to convert mm sized 
dendrite grains to µm sized non-dendritic fine and uniform globular grains when applied at 
40oC above liquidus and during solidification (Wang et al., 2014). The application of 
ultrasonics to grain refine a cast product is a sustainable and cost effective process (Wang et 
al., 2017).  In addition to that, according to Wang et al. (2017), the introduction of ultrasonic 
vibrations into the semi-liquid melt is reported to produce degassing of melt, achieve 
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structural uniformity throughout melt through acoustic streaming, minimise compound 
segregation and dendrite fragmentation through cavitation, etc. 
Through this report, the efficiency of grain refinement achieved by four different approaches 
to the grain refinement of different range of Al-Cu and Al-Zn alloy compositions are 
established. The four grain refinement approaches are: 
i. Addition of ranges of solute Cu and Zn  
ii. Addition of Al3Ti1B master alloy and solute 
iii. Application of Ultrasonic treatment and solute 
iv. The combined addition of Al3Ti1B and application of ultrasonic treatment and solute 
 
The next section of the report talks about the literature review which underpins this area of 
grain refinement that can be achieved through solute addition, Al3Ti1B inoculant addition and 
ultrasonic treatment.  
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2 Literature Review 
This literature review section of the report helps in the understanding of the approaches used 
to achieve grain refinement in Al-Cu and Al-Zn alloys. 
2.1 Technologies of grain refinement  
 
Grain refinement is the process of achieving small equiaxed grain size rather than large 
columnar grains which are naturally occurring in a plain cast sample. According to 
McCartney cited in Murty et al. (2002); the grain refinement process is defined as the 
“deliberate suppression of columnar grain growth in ingots and castings and formation of fine 
equiaxed solidification structure throughout the material”.   
In almost all metallic alloys the first and foremost microstructure formation process is the 
solidification during production stage (Liu et al., 2017). Solidification is the process when the 
phase transformation happens from liquid to solid and where crystal structure and lattice starts 
to form (Dave, 2016). The solidification is divided into a two stage process, nucleation and 
grain growth. The two types of nucleation present are homogeneous and heterogeneous 
nucleation. In homogeneous nucleation the nucleus arises from the bulk of liquid (Prokic & 
Puga, 2014). It is very difficult to achieve in practice due to large undercooling required 0.2 
TM, higher free energy change and nucleation sites such as mold walls, surface films or 
foreign particles are always present. The solidification of metals starts to occur on foreign 
substances such as the mold surface and non-metallic substances for example on the surface 
of liquid metal (oxide film). The solidification which gives rise to nucleation always happen 
heterogeneously in the bulk of the liquid metals.  
Casting is the preliminary step in many of the subsequent manufacturing process to produce a 
component. Casting is the process in which a liquid metal is poured into a mould which has a 
cavity and left to solidify before obtaining the part. Controlling the nucleation and grain 
growth during solidification of liquid metal is the main phenomena to obtaining a fine grained 
microstructure. Therefore achieving fine equiaxed grain structure in the first stage 
significantly improves the material properties and grain structure in the following downstream 
processes.  
When the temperature of the melt drops to the lowest point below equilibrium, melting point 
raises the undercooling level so that further nucleation initiates and at the same time the 
growth of nucleated grains releases latent heat of fusion which raises the temperature of the 
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melt back up; as a result a process known as the recalescence occurs. The amount of 
recalescence is dependent upon the nucleation sites densities. A plain cast sample will require 
a higher degree of undercooling or a greater driving force to begin nucleation. The 
undercooling is referred to as the difference in the lowest temperature achieved by the melt 
and the equilibrium melting temperature (ΔTRU = TR – TU) (Mehdi & Mohsen Haddad, 2014).  
 
Figure 1: The undercooling (∆TRU) criteria of an alloy 
during solidification. TR = equilibrium melting 
temperature and TU = lowest temperature obtained by 
alloy during solidification.  
 
Due to the presence of undercooling the nucleation of primary aluminium particles are 
possible and during the growth of these nucleated particles latent heat of fusion is released. 
This causes the melt temperature to rise and further nucleation stops and only growth of 
nucleated grains occurs. When adding inoculant particles, the melt already contains potent 
nucleants which reduces the time taken for nucleation to occur by dropping the energy barrier 
for crystallisation to happen (Mehdi & Mohsen Haddad, 2014). So to obtain uniform, fine and 
equiaxed non-dendritic structure the number of heterogeneous nucleation sites can be 
increased by the addition of foreign substances into the melt or on the mould wall. In order, to 
achieve grain refinement in metal casting addition of grain refiners to increase the number of 
nucleation sites and physical methods such as mechanical stirring, ultrasonic vibrations 
concentrated pulse and electromagnetic fields to enhance grain multiplication can be utilised 
(Eskin, 1998; Mehdi & Mohsen Haddad, 2014; Liu et al., 2017).  
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During solidification, the grain refinement can be achieved by introducing numerous potent 
nucleating sites as effective heterogeneous sites or by the increase of thermal undercooling 
which can be attained by constitutional undercooling using solute elements and an increase in 
cooling rates (Srivastava et al., 2017). According to Flemings (2005), the key to acquiring 
fine equiaxed grains are vigorous agitation and rapid heat extraction at initial solidification 
stage. Moreover according to (Flemings, 2005), pouring of liquid alloy down a cooling slope 
and rapidly stirring the alloy with a cold heat extractor are the ways to achieve this. The 
importance of achieving fine equiaxed grains in casting has been a research topic for the past 
80 years (Murty et al., 2002). The importance of attaining small uniform grains are the 
enhanced mechanical properties such as an increase in strength and ductility, toughness, 
formability of wrought products and machinability while reducing hot tearing , shrinkage 
porosity, homogenisation treatment time and surface defects in shape casting according to 
(Mitrašinović & Hernández, 2012; Easton & StJohn, 1999; Zhang et al., 2003).  
The major advantage, in having fine grain size, is that it improves the thermo-mechanical 
properties of metals. According to (Wang et al., 2017) this allows less usage of metals in 
manufacturing components, and reduces heat treatment and homogenisation times to help 
improve the energy efficiency and productivity of manufacturing process.  
The achievement of fine grains in casting will make sure that the subsequent downstream 
processes such as forging, rolling etc. will strengthen the alloy further. For this study, the 
grain refinement of Al-Cu and Al-Zn alloys are accomplished by the increase in solute 
percentage, 50ppm Ti addition in the form of Al3Ti1B master alloy, ultrasonic treatment and 
a combination of Ultrasonic treatment and Al3Ti1B.  
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  Role of solute in grain refinement  
 
The presence of solute elements causes grain refinement by melt constitutional undercooling 
in which an increase in nucleation sites happens and micro segregation effect occurs in the 
inter-dendritic region. The constitutional undercooling is defined as the zone ahead of the 
solid/liquid interface where the temperature is below the equilibrium liquidus because of the 
rejection of solute by the solid growth.  
As Puga and Prokic (2014) have indicated growth restriction effects can happen in two ways 
when solute elements are added into an alloy such as: 
1. Micro-segregation of solute at the interdendritic location during solidification of 
dendrites, which pushes out solute elements into interdendritic region to cause 
inhibition of grain growth.  
2. Generation of constitutional undercooling ahead of the growing solid/liquid interface 
diffusion layer, which act to slow down the solute diffusion which in turn limit the rate 
of grain growth.  
Birol (2007) and Easton and StJohn (1999) state that the presence of solute plays an important 
role in the formation and existence of nucleated crystals by the segregation of solute 
throughout solidification process. Moreover, more nucleation happens due to the 
constitutionally undercooled zone having additional driving force for initiating nucleation 
(Mehdi & Mohsen Haddad 2014).  
According to StJohn et al. (2011) and Qian et al. ( 2010), nucleation cannot occur easily in the 
melt without sufficient solute being present.   
The nucleation and growth can be understood by considering the simple linear 
interdependence model which relates grain size to the inverse of growth restriction factor Q 
as:  
gs
bd a
Q
       [1] 
 
 
Where Q is defined as 0 ( 1)lQ m C k   and lm is the gradient of liquidus line, 0C  is the alloy 
composition, k  is the partition coefficient for binary systems. This growth restriction factor is 
a measure of the segregating power associated with each elements ahead of the solidification 
zone (Mehdi & Mohsen Haddad, 2014).  
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This equation describes the summation of each Q factor individually for all the elements in an 
alloy to find the corresponding Q.  
In the interdependence concept as depicted by equation [1], b is the gradient which is 
proportional to the undercooling temperature for nucleation RUT . The intercept a is a 
constant which is related to the number of active particles present in the bulk of melt.   
 
Figure 2: (a) shows that lower b gradient means the particles have high potency and 1(b) 
shows that a the intercept also decreases with increase in active number of nucleants 
present (Easton & StJohn, 2005). 
 
 
This simple graphical representation is based on the relationship of grain size vs growth 
restriction factor Q to express the effectiveness of grain refinement in alloy systems and 
master alloys.  
 
The growth restriction factor (Q) is used to measure the segregating behaviour of elements 
during solidification (Easton & StJohn, 1999). According to (Easton & StJohn, 1999) “the 
GRF is a measure of  the growth-restricting effect of solute elements on the growth of the 
solid-liquid interface of new grains as they grow into a melt.” A high value of GRF is shown 
to have a stronger grain refining result (Lee et al., 2000). As can be seen in the table Al-Ti 
alloy with 220 will have higher grain refining effect than the same amount of Al-Cr with 3.5.  
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Table 1: Q factor calculation result for binary Al alloys (Hernandez & F. C., 2004).  
 
In this interdependence model; a relates the successful nucleants which are generated from the 
maximum number of particles to establish the grain size and b is also a constant which 
describes the potency of the nucleant particles added to the melt.  
 
  Role of Al3Ti1B master alloy in grain refinement 
 
The grain refining of aluminium alloys using the addition of inoculants is the standard 
practice in the industry (Wang et al., 2015). The addition of master alloys into the melt 
releases numerous potent particles (TiB2 , TiAl3) to increase heterogeneous nucleation sites. 
Consequently, as stated by (Wannasin et al., 2013), having more nucleants which are active to 
initiate nucleation will decrease the cast grain size.  An effective inoculant to assist in grain 
refinement is a potent nucleating substrate which are characterised by having small contact 
angle  , matching crystallographic formation such as substrate geometry and size, interaction 
between substrate phase and the alloy chemistry etc. (StJohn et al., 2007).  
Only a portion of the particles (1-2%) from addition of master alloy become active nuclei for 
nucleation (Perepezko 1988; Puga et al., 2013; Mohanty and Gruzleski 1995; Greer et al., 
2003; StJohn et al., 2007). StJohn et al. (2011) has stated that the remaining inoculant 
particles greater than 96% are not interacting at all to create any effective nucleation sites and 
ends up as impurities in the overall metal structure. (Prokic & Puga, 2014) states that the 
inefficiency associated with inoculants addition occurs because of the segregation effect and 
reduced surface area contact with the matrix alloy.  
9 
 
There are a number of master alloys used to grain refine Al-alloys and these are Al-Ti-B, Al-
B, Al-Ti-B-Re, Al-Ti-C, Al-Ti-B-C and halide salts such as K2TiF6, and KB4 (Liu et al., 
2017). Out of these master alloy compounds TiB2, TiAl3, AlB2 are the most potent nucleating 
sites for aluminium alloys when the above mentioned master alloys are added. Jones and 
Pearson (1976) have described that a ternary master alloy such as Al-Ti-B to be 4-5 times 
more effective than Al-Ti binary grain refiner. In areas such as foil and electrical applications 
where the presence of TiB2 is damaging to the formability and electrical conductivity of 
aluminium, the use of Al-Ti-C master alloys to replace Al-Ti-B is recommended by Wang et 
al. (2012).   
In this research, the Al3Ti1B master alloy were used as inoculants because borides being the 
most common particle addition to refine Al melts (Easton and StJohn, 1999). The undissolved 
TiB2 particles assist in the heterogeneous nucleation while the dissolved Ti has high growth 
restriction ability on nucleating grains (StJohn et al., 2005; Qian 2006; Cao et al. 2004). 
Research by (Easton and StJohn, 1999) reports that the powerful segregating capability of Ti 
is a result of the Ti acting as a solute to create constitutionally undercooled zone ahead of the 
growing interface and thus initiating nucleation on the present nucleants. When Al3Ti1B is 
added the Ti separates into two states; 2.2%Ti forms TiB2 and 0.8% forms free Ti solute as 
stated by Easton, StJohn et al. (2014). Iqbal et al. (2004) have indicated that out of the 0.8% 
free Ti solute some reacts with the aluminium to form TiAl3 which is unstable and can 
aggregate under high superheat.  
The adding of grain refiner to the melt achieves the best amount of grain refinement after a 
few minutes and if held for too long fading effects starts to occur. Fading happens due to the 
nucleation sites dissolution and settling or floating of inoculants in accordance with the 
density compared to the melt (Murty et al., 2002). Addition of grain refiners in the production 
of large aluminium ingots and castings can cause sedimentation and aggregation. Moreover, 
(Easton & StJohn, 1999) states that this phenomenon is unrecoverable due to titanium 
achieving equilibrium in solution and the fading time is dependable on the holding 
temperature and the Al3Ti grains size. In addition, to fading effects adding inoculants to 
certain alloying elements namely Si, Zr, Cr and Li are found to not reduce the grain size 
(Poisoning effect).  
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 Role of Ultrasonic treatment in grain refinement 
The introduction of external fields to grain refine materials have been studied for the past 50 
years. Ultrasonic treatment is one of the external field grain refining processes such as 
mechanical vibrations, electromagnetic stirring etc. Apart from inoculation, dynamic factors 
such as mechanical vibration, ultrasonic and magnetic fields can also promote heterogeneous 
nucleation according to (Liang et al., 2015). The ultrasonic treatment works by inducing high 
frequency vibrations into the melt by the use of sonotrode connected to piezoelectric 
transducer. The exact mechanisms of ultrasonic treatment are still in debate and not 
understood clearly. However, according to Wang et al. (2017), some of the expected 
mechanisms are cavitation, cavitation induced dendrite fragmentation, cavitation enhanced 
heterogeneous nucleation, acoustic streaming and intense agitation.  
The main advantages of ultrasonic treatment are enhanced metal homogenisation, mixing of 
new alloys, improved crystallisation, reduction of material voids and cavities and improved 
characteristics in casting.  
 
 The mechanism of cavitation means the growth/implosion of bubbles which create shock 
waves that in turn varies the temperature and pressure surrounding the explosions. According 
to  Flemings (2005), the high temperature and pressure generated from bubble collapse and 
the release of shock waves cause rapid local cooling rates in the magnitude of 107 – 1010 K/s, 
and increased pressure, which locally reduces the crystallisation temperature and helps 
overcome excitation energy barriers associated with nucleation due to cavitation. This 
cavitation effect causes the dendrite arms to break apart and the acoustic streaming uniformly 
transport these broken dendrite arms across the melt to survive and grow. The increase of 
temperature/pressure and improved wetting of insoluble particles caused by cavitation 
enhanced nucleation with the collapse of bubbles rises the melting temperature in the 
surrounding liquid creating a higher degree of undercooling to assist in increase in nucleation. 
Another process in achieving grain refinement is crystal nucleation on the surface of the 
sonotrode itself. The insertion of sonotrode creates a temperature drop at the surroundings of 
the melt such that nucleation is possible. However, according to Wang et al. (2017), the 
growth of grains are continuously shaken off, broken off into small pieces and distributed 
evenly by acoustic streaming and creates a low temperature gradient throughout the melt 
which increases the number of grains for refined structure.  
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In this report, the insertion of sonotrode to the melt is performed at 40oC above the liquidus 
temperature so that no formation of strong solidified layer is around the sonotrode according 
to a previous study done by (Wang et al., 2014).  
 
3 Aims and Objectives 
 To understand the effect of grain refinement in Al-Cu and Al-Zn alloys when a range 
of solute composition especially Cu and Zn are added. 
◦ The range of solute Cu added into Al are: Al-(1wt%, 2wt%, 3wt%, 5wt%, 7wt% 
and 10wt%.) 
◦ The range of solute Zn added into Al are: -(1wt%, 2wt%, 5wt%, 8wt%, 12wt% 
and 20wt%.). 
 To investigate the effect of ultrasonic treatment (UT) in grain refinement of Al-Cu 
and Al-Zn alloys with added range of solute Cu and Zn.  
◦ The ultrasonic treatment is conducted with a fixed power of 1kW and with an 
amplitude of 20µm; 40oC above the melting temperatures of all the range of 
compositions for a period of 2 minutes.  
 To explore the role of 50ppm Ti addition in the form of Al3Ti1B on the grain 
refinement of Al-Cu and Al-Zn alloys with addition of a range of solute Cu/Zn.  
 To examine the combined effect of the ultrasonic treatment with 50ppm Ti addition in 
the form of Al3Ti1B grain refiner and the range of solute compositions in the 
efficiency of grain refinement process. 
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4 Research Methodology 
4.1 Preparation of Alloy compositions 
Commercial purity Al (99.7%), Zn (99.9%) ingots and pure copper rod (99.9%) were 
sectioned using machine saw in lab 612 and prepared according to the alloy compositions (1, 
2, 3, 5, 7, 10) wt.% Cu and (1, 2, 5, 8, 12, 20) wt.%Zn calculated according to the Table 2. 
Table 2 also shows the exact alloy compositions that were able to be prepared.  
Table 2: Compositions and respective weight percentages of all Al-Cu/Zn alloys 
Expected Alloy 
composition 
wt% 
Actual Alloy 
composition 
wt% 
Actual amount 
of Cu (Kg) 
Actual amount 
of Al (Kg) 
Total amount 
(Kg) 
Al-1%Cu Al-0.93%Cu 0.0285 2.976 3.0045 
Al-2%Cu Al-2.07%Cu 0.0415 1.967 2.0085 
Al-3%Cu Al-2.96%Cu 0.0885 2.904 2.9925 
Al-5%Cu Al-5.01%Cu 0.1005 1.904 2.0045 
Al-7%Cu Al-7.2%Cu 0.144 1.857 2.001 
Al-10%Cu Al-10.37%Cu 0.309 2.669 2.978 
Al-1%Zn Al-1.05%Zn 0.022 2.067 2.089 
Al-2%Zn Al-2.16%Zn 0.0435 1.97 2.0135 
Al-5%Zn Al-5.23%Zn 0.106 1.919 2.025 
Al-8%Zn Al-8.34%Zn 0.163 1.79 1.953 
Al-12%Zn Al-10.87%Zn 0.2475 2.029 2.2765 
Al-20%Zn Al-20.41%Zn 0.400 1.56 1.96 
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4.2 Casting of alloys according to compositions 
 
After the preparation of each alloy compositions, the graphite clay crucible Φ90mm x 
Φ60mm x 140mm shown in Fig.3b was coated in a thin layer of boron nitride water based 
solution and set aside to dry before placing it in furnace. The carefully weighed alloy 
compositions were put inside the graphite clay crucible and melted one at a time in an 
induction furnace at 720Ԩ.  as shown in Fig.3a.  The alloy samples were pre-heated at 200oC 
for 30mins in a pre-heat furnace as shown by Fig. 4. 
 
Figure 3: a. Melting of master alloys using 
induction, b. Graphite clay crucible with 90mm top diameter, 60mm bottom diameter and 
height of 140mm which can contain 2- 3Kg of alloy samples 
 
 
 
  
 
a b 
Figure 4: Pre-heat furnace 
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All the alloy samples were casted in steel cylindrical permanent moulds (x5) and the excess 
metal was poured in a rectangular steel mould (see Fig.5) and Fig.6 shows the storage of 
prepared alloys for the next stage of experiment (testing the four different conditions).           
 
  
 
 
 
Steel cylindrical moulds 
Rectangular 
permanent 
Figure 5: Steel cylindrical/rectangular permanent 
moulds  
Figure 6: Storage of prepared alloy samples 
for the next stage of experiment 
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4.3 Testing of each conditions 
 
 
 
The stainless steel tubes for protecting the K-type thermocouple during the measurement of 
cooling curves were cut to 70mm in length. Five graphite clay crucibles 70mm top diameter, 
50mm bottom diameter and 90mm in height were coated with a thin layer of boron nitride 
water based solution. The cooling curves for each alloy compositions under each of four 
conditions were collected using a K-type thermocouple inserted slightly offset form centre 
(45mm above the bottom of crucible) and connected to a PC with NI Signal Express software. 
The temperature readings were recorded by thermocouple at 2 readings per second.  
 
Figure 7: a. Electrical resistance furnace used to melt all the previously 
prepared alloy compositions. 
b. Pre-heat furnace to preheat Al3Ti1B master alloy 
a b 
Figure 8: Collection of cooling curves setup 
 
16 
 
 Ultrasonic Treatment setup  
 
 
 
This ultrasonic treatment setup contains of a commercial 2-kW generator, 20-kHz 
piezoelectric transducer with an air cooler and an 18mm sonotrode (horn) made of Titanium. 
Approximately, 320-365 g of Al-Cu and Al-Zn alloys were preheated to 720 േ 10oC. After 
reaching this temperature the melt platform is transferred to the Ultrasonic treatment (UT) 
setup area. The UT is turned on 40	േ 4oC above the liquidus temperatures of each alloy 
compositions for a period of 2 minutes. The sonotrode is retrieved at 2minutes and the melt 
was let to solidify in air when the cooling curves are acquired by the thermocouple connected 
to PC with NI signal express software. It was made sure that before each UT application the 
sonotrode was tightened and the sonotrode tip was almost free of solidified alloy from 
previous testing.  
 
 
 
 
 
Figure 9: Ultrasonic treatment setup showing all the apparatus required for UT.  
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Table 3: Table showing the ultrasonic treatment start temperature which is 40oC above the 
liquidus temperature of each alloy composition. 
Al-Cu alloys Ultrasonic Treatment start 
Temperature (oC) 
Al-Zn alloys Ultrasonic Treatment 
start Temperature (oC) 
Al-1Cu 700 Al-1Zn 700 
Al-2Cu 695 Al-2Zn 695 
Al-3Cu 690 Al-5Zn 690 
Al-5Cu 685 Al-8Zn 685 
Al-7Cu 680 Al-12Zn 680 
Al-10Cu 670 Al-20Zn 665 
 
 Al3Ti1B Master Alloy addition 
 
For the test conditions with an addition of 50ppm Ti in the form of Al3Ti1B master alloy to 
the alloy compositions, the amount required for each alloy was calculated (see Appendix 9.1) 
and cut. The respective amount of master alloy was placed in a ceramic plate and preheated at 
200oC for 30 minutes in the pre-heat furnace together with the steel rod stirrer. After the melt 
reached a temperature of 720 േ 10oC,  the respective amount of Al3Ti1B was taken with steel 
tongs and placed gently into the crucible containing the melt. The melt with the added master 
alloy was left for 5 minutes to dissolve and stirred before leaving it for another 2 minutes. 
Similar to the plain cast and Ultrasonic treatment, the melt containing crucible was relocated 
to the cooling platform, which was set up to measure the cooling curves. 
 Ultrasonic Treatment and Al3Ti1B master alloy  
 
The samples which were subjected to both ultrasonic treatment and 50ppm Ti addition in the 
form of Al3Ti1B master alloy was also initially placed in water based boron nitride coated 
crucible and melted in the electric resistance furnace. When the melt reached a temperature of 
720 േ 10oC, the particular amount of Al3Ti1B calculated was preheated and added into it. 
The melt with master alloy was held to dissolve for 5 minutes and stirred before keeping for 
another 2 minutes. Similarly, the alloys, treated with a combination of ultrasonic treatment 
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and addition of Al3Ti1B, were moved to the cooling platform set to measure the cooling 
curves.  
4.4 Sample Preparation 
 Cutting of cast samples  
 
Figure 10: Struers Discotom-6 used to cut cast samples for macro/microstructure analysis 
 
The cast samples were sectioned in half using the Struers Discotom-6. One sectioned half for 
macrostructure analysis and the other half was further cut into 15x10x10 mm3 (see Fig.11). 
Furthermore, the samples were chosen almost to the centre of the sectioned piece at a distance 
of 15mm from the bottom of ingot and 10mm from its left side.  
 
Figure 11: Choice location of samples from sectioned half of the cast ingot for microstructure 
analysis. 
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 Mounting and Polishing of cut samples 
 
 
 
 
 
 
 
 
 
 
 
The mounting was carried out on only the microstructure samples. The 15x10x10 mm3 cut 
samples were hot mounted using 10mL of Polyfast resin. The rear of the mounted samples 
were then drilled to a size of 4.8mm to allow direct contact of the metal sample with the 
anode. The mounted and drilled samples were grinded and polished using 320 – 4000 µm SiC 
sand papers as shown in Fig.13. Following the SiC polishing MOL, NAP and CHEM 
polishing cloth were used to get a mirror like finish on the surface of the samples.  
All the polished samples were kept in an air tight container ready for anodising of samples.  
 Anodising and electro polishing of samples 
  
All the samples were anodised using 0.5% HBF4 solution for 20seconds at 30V with a etchant 
flow rate of 11m3/s.
Figure 12: Hot mounting 
machine Struers CitoPress-30 
used to mount samples. 
Figure 13: Struers Tegra-Pol polishing 
machine used for polishing the 
macro/microstructure samples  
 
Figure 14: Struers electro polishing 
machine. 
Figure 15: Hot mounted and polished 
sample. 
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 Microstructure analysis using Polyvar Met optical 
microscope 
 
 
  Micro Hardness Measurement 
 
Figure 17: Struers Duramin micro-hardness 
machine to test the Vickers hardness of samples. 
Figure 16: Polyvar Met optical microscope with 
polarised light to view the grain structure micrographs.  
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4.5 Grain size measurements  
Grain size measurements were carried out on the etched specimens. The Heyn linear-intercept 
method in ASTM E112-10 was used to measure the average grain size. A test line of length L 
was at 6 locations of the sample in different directions.  
The number of grains intercepted was counted. For each sample, 6 test lines at different 
directions were drawn for grain size measurement.  
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5 Results and Discussion 
5.1 Cooling curves and undercooling during the 
solidification 
  Al-Cu alloys 
The equilibrium melting temperatures corresponding to each Al-Cu alloy compositions 
used in this research are shown in the Figure 18 with circles around them. As can be seen 
from Fig.18 that as the solute percentage of Cu increases the corresponding equilibrium 
melting temperatures dropped. Also, it can be seen that intermetallic structures are present 
for compositions of Cu above 1.5wt%Cu.   
Figure 18: The phase diagram of Al-Cu alloys which shows the composition ranges 
from 1-10wt%Cu. 
 
5.1.1.1  Plain cast cooling curves of Al-Cu alloys 
The corresponding cooling curves measured during the solidification of Al-Cu alloy 
compositions are can be seen in Figure 19. As it was expected from the phase diagram shown 
in Figure 18, the increase of solute percentages showed a reduction in the nucleation 
temperatures in the cooling curves. All the Al-Cu alloy compositions showed a similar 
cooling rate with varying degree of undercooling (∆TU).  
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Figure 19: Comparison of cooling curves of plain cast Al-Cu alloys with various percentages 
of Cu added. An enlarged view of the degree of undercooling is shown for Al-10wt%Cu. TM 
=Equilibrium melting temperature and TL=Lowest temperature reached during solidification. 
 
 
The Table 5 shows the equilibrium melting temperatures of all the Al-Cu alloys acquired from 
the phase diagram generated by Thermo Calc software shown in Fig.18. It can be seen that 
there is a fluctuation of the degree of undercooling shown experimentally. It was expected for 
the degree of undercooling ΔTU to reduce as the solute percentage increased, so that lower 
energy barrier is present for the grain formation. This decrease in energy barrier can produce 
more nucleation sites to activate which in turn will be the assumed mechanism to create finer 
grain sizes.  
 
Table 4: Degree of undercooling achieved in plain cast Al-Cu alloys  
Alloy Compositions Equilibrium melting 
temperature TL 
TLow lowest temp reached 
during solidification 
ΔTU 
Al-1Cu 657.1 oC 653.5oC 3.6 
Al-2Cu 654.9 oC 653oC 1.9 
Al-3Cu 653.1 oC 646.5oC 6.6 
Al-5Cu 647.1 oC 644 oC 3.1 
Al-7Cu 641.2 oC 639.5 oC 1.7 
Al-10Cu 633.9 oC 630oC 3.9 
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5.1.1.2 Cooling curves of Al3Ti1B master alloy added to Al-Cu alloys 
Comparison of only Al-1wt%Cu and Al-10wt%Cu are included with the rest of the 
cooling curves can be seen in the Appendix 9.2.  
5.1.1.2.1  Al-1Cu alloy 
It can be seen from the cooling curves in Fig. 20 that there is a higher degree of 
undercooling in the plain cast Al-1wt%Cu alloy when compared to the Al3Ti1B grain 
refiner added Al-1Cu alloy.  
 
Figure 20: This figure shows the comparison of Al-1wt%Cu plain cast vs 50ppm 
addition of titanium in the form of Al3Ti1B master alloy. . 
 
So this confirms that due to the less degree of undercooling required shown in Fig.20 for the 
Al3Ti1B master alloy treated sample. This shows that the presence of many more nucleants 
from the addition of master alloy was able to nucleate easier than the plain cast sample. 
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5.1.1.3  Al-10Cu alloy 
Increasing percentage of solute Cu in Al-Cu alloys were found to decrease the equilibrium 
melting temperatures. Furthermore, Fig. 21 shows that an addition of 50parts per million 
titanium in the form of Al3Ti1B will reduce the degree of undercooling so that more 
nucleation will happen and thus a restriction in grain growth is expected.  
 
Figure 21: Figure 21 shows the comparison of Al-10wt%Cu plain cast vs 50ppm 
addition of Ti in the form of Al3Ti1B. 
  
  Cooling curves of Ultrasonic treated Al-Cu alloys 
5.1.2.1  Al-1Cu alloy 
It can be seen for the comparison of cooling curves of ultrasonic treated and plain cast Al-
1%Cu alloy from Fig. 22, the ultrasonic treated alloy was found to have a faster cooling rate 
than plain cast alloy. For the ultrasonic treated alloy; the higher rate of cooling and the lower 
degree of undercooling will play an important part in the reduction of grain size.  
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Figure 22: Ultrasonic treatment comparison of Al-1wt%Cu with plain cast. 
  
5.1.2.2  Al-10Cu alloy 
From Fig. 23 it can also be seen that the high cooling rate and less degree of undercooling 
achieves favorable condition for the activation of further nucleation sites. This can cause a 
decrease in grain size on the ultrasonic treated alloy.  
 
Figure 23: The comparison of Al-10wt%Cu with ultrasonic treatment vs plain cast 
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 Cooling curves of combination of Al3Ti1B and Ultrasonic 
treated Al-Cu alloys 
5.1.3.1 Al-1Cu alloy 
 
Figure 24: Comparison of cooling curves of Al-1wt%Cu Plain cast vs combination 
(Al3Ti1B + Ultrasonic treatment). 
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 Al-Zn alloys 
This phase diagram of Al-wt%Zn clearly shows the range of solute Zn compositions 
added from 1-20wt%Zn. The blue circles indicate the liquidus temperature (TM) of each 
alloy compositions. It can be seen from the phase diagram of Al-wt%Zn Fig. 25 that as the 
solute percentage of Zn increased, the equilibrium melting temperature can also be seen to 
decrease.  
 
Figure 25: The phase diagram of Al-wt%Zn which shows the composition ranges from 
1-20wt%Zn. 
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5.1.4.1  Plain cast cooling curves of Al-Zn alloys 
 
 
Figure 26: Cooling curves comparison of plain cast Al-wt%Zn with increasing ranges 
of solute Zn added. An enlarged view of the degree of undercooling is shown for Al-
20wt%Zn. TM =Equilibrium melting temperature and TL=Lowest temperature reached 
during solidification. 
 
  
Table 6 once again shows the degree of undercooling achieved by Al-Zn alloys during 
solidification in a plain cast situation. It is also noted that the degree of undercooling displays 
variation in its level. The Thermo-calc software was used to calculate the exact liquidus 
temperature of the alloys. As can be seen from Fig.19 a smaller ΔTU, the undercooling 
parameter, means that lower energy barrier is required for nucleation to happen. This means 
that numerous effective particles can nucleate and the resulting grain sizes will be smaller.  
Table 5: Degree of undercooling achieved in plain cast Al-Zn alloys.  
Alloy Compositions Equilibrium melting 
temperature TL 
TLow lowest temp reached 
during solidification 
ΔTU 
Al-1Zn 658.9 oC 657 oC 1.9 
Al-2Zn 657.1 oC 656 oC 1.1 
Al-5Zn 651.9oC 651 oC 0.9 
Al-8Zn 647.3 oC 644 oC 3.3 
Al-12Zn 640 oC 641.5 oC 1.5 
Al-20Zn 626.3 oC 626 oC 0.3 
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5.1.4.2 Comparison of cooling curves of Al-Zn showing Plain cast, Al3Ti1B, 
Ultrasonic treatment and their combination 
5.1.4.2.1 Al-1wt%Zn 
The comparison of the cooling curves of Al-1%Zn which undergoes different treatments, such 
as; plain cast, Al3Ti1B addition, application of ultrasonic treatment and the combination of 
Al3Ti1B addition with ultrasonic treatment is shown in Fig. 27. Out of these four test 
conditions tested for Al-1Zn the plain cast treated sample reached the lowest temperature 
during nucleation. It is visible from Fig. 27 that the ultrasonic treated Al-1Zn, combination of 
ultrasonic treatment and addition of grain refiner has a higher cooling rate compared to plain 
cast with the addition of Al3Ti1B. The high degree of cooling rate can be achieved in 
ultrasonic treated melt because of the insertion of un-preheated sonotrode into the superheated 
melt. Consequently, the presence of cool sonotrode lowers the temperature gradient to 
promote the generation of nucleation around this region. Moreover, this newly nucleated 
grains are shaken and broken off by the cavitation induced dendrite fragmentation and the 
acoustic streaming which distributes the fragmented grains. This generates a uniformly 
distributed temperature gradient along the whole melt so that the more of nucleation sites can 
become activated (Wang et al. 2017).  
Figure 27: Comparison of cooling curves of Al-1%Zn undergone four treatment conditions; 
Plain cast, ultrasonic treatment, addition of Al3Ti1B master alloy and their combination of 
ultrasonic treatment and Al3Ti1B master alloy addition.  
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5.1.4.2.2 Al-20wt%Zn 
The Fig. 28 shows Al-20%Zn cooling curves with plain cast, ultrasonic treatment, addition of 
Al3Ti1B and their combination (UT + Al3Ti1B). The degree of undercooling is similar in all 
the four conditions. The ultrasonic treatment for Al-20Zn was started at approximately 40oC 
above liquidus temperature 665 ± 4oC and terminated after 2 minutes. It can also be seen that 
the ultrasonic treated melt have a higher degree of cooling rate than the plain cast and 
Al3Ti1B grain refiner.  
 
Figure 28: Comparison of cooling curves of Al-20%Zn undergone four treatment 
conditions; Plain cast, ultrasonic treatment, addition of Al3Ti1B master alloy and their 
combination of ultrasonic treatment and Al3Ti1B master alloy addition. 
 
5.2 Macrostructure and microstructure  
 Al-Cu 
5.2.1.1 (1) Role of Cu as solute in plain cast 
The role of solute Cu was investigated in Al-Cu alloys and it can be found from the 
macrostructure Fig. 29 that as the solute percentage was increased above Al-5wt%Cu and 
there was a substantial decrease in grain size. This reduction of grain size is due to the 
presence of solute restricting the grain growth by constitutional undercooling and the 
micro-segregation of solute occurring in the interdendritic region.  
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Figure 29: Macrostructure of plain cast Al-wt%Cu alloys from 1%Cu on top left to 
10%Cu on bottom right. 
 
The corresponding microstructures obtained from the same sampling location –15mm 
from bottom and 10mm from the left side of the macrostructure samples – in the cast 
samples were analyzed. The microstructure shows lack of uniformity and an average grain 
size is difficult to obtain from this micrographs.  
 
Figure 30: Microstructural images of Al-Cu alloys with an increase in solute Cu 
percentage. a. Al-1%Cu, b. Al-2%Cu, c. Al-3%Cu, d. Al-5%Cu, e. Al-7%Cu and f. Al-
10%Cu. 
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The grain size from the macrostructures in Fig.29 can be linked to the cooling curves in Fig. 
19. It shows that as the solute percentage of Cu is increased, there is a decrease in grain size 
due to the segregation of solute in the interdendritic region of dendrites and this can restrict 
the growth of grains already nucleated in the melt. Another mechanism for this grain 
refinement happening in high solute systems is the formation of constitutional undercooling 
zones in front of the advancing solid/liquid interface (Puga & Prokic, 2014).  
5.2.1.2  (2) Role of ultrasonic with Cu as solute 
Fig.31 illustrates the grain sizes of Al-Cu alloys with increasing solute percentage and 
ultrasonic treatment with a fixed power of 1kW. It can be seen that a slight decrease in the 
grain size occurred as the solute is increased but not a major change can be seen from Fig. 
31. However, in comparison to the plain cast sample in Fig. 30 which was fully dendritic 
in structure was now converted to almost spherical sized grains.  Definitely a change in 
grain size can be seen from Al-1%Cu compared to Al-10%Cu.   
 
Figure 31: : Microstructures of Al-wt% Cu alloys with ultrasonic treatment and 
solute addition. Where a. Al-1%Cu, b. Al-25Cu, c. Al-3%Cu, d. Al-5%Cu, e. Al-7%Cu 
and f. Al-10%Cu. 
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5.2.1.3 (3) Role of Al3Ti1B with Cu as solute 
According to the cooling curves obtained previously in Fig 19, cooling curves which agree 
with the microstructures showing 50ppm Ti doped Al3Ti1B addition, the microstructures 
develop finer grain sizes due to the initiation of numerous nucleation sites as a consequence 
of a lower energy barrier and shorter nucleation time. The cooling curves of Al3Ti1B 
indicate the formation of finer grain size which are proved by the microstructure images 
obtained. There seems to be a reduction in grain size as the solute percentage increases, as 
suggested by Fig. 32.  
 
Figure 32: Microstructure images showing the grains of Al-wt%Cu alloys with 50ppm 
Ti addition and role of solute. 
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5.2.1.4 (4) Combination of Ultrasonic and Al3Ti1B with Cu as solute 
The final experimental testing was to understand the combination effect of grain refinement 
which can be achieved through ultrasonic treatment, 50ppm Ti addition in the form of 
Al3Ti1B and an increase in solute percentage. It can be seen from Fig. 33 that lower solute 
percentage such as (Al-1, 2, 3 %Cu) microstructures exhibited a larger grain size than high 
solute compositions (Al- 5, 7, 10 %Cu).  
 
Figure 33: Microstructures of Al-wt%Cu with a combination of ultrasonic treatment 
and Al3Ti1B and increase in solute percentage.                          
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 Comparison of plain cast, ultrasonic treatment, addition of 
50ppm Ti (Al3Ti1B) and their combination in grain 
refinement efficiency 
5.2.2.1 Al-1%Cu 
Figure 34: Microstructure comparison of Al-1%Cu a. Plain Cast, b. Ultrasonic treated,      
c. 50ppm Ti added in the form of Al3Ti1B and d. combination of ultrasonic treatment and 
Al3Ti1B.  
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5.2.2.2 Al-10%Cu 
Figure 35: Microstructure comparison of Al-10%Cu a. Plain Cast, b. Ultrasonic treated,     
c. 50ppm Ti added in the form of Al3Ti1B and d. combination of ultrasonic treatment and 
Al3Ti1B. 
 
 Al-Zn 
5.2.3.1 (1) Role of Zn as solute in plain cast 
Similar to Al-Cu alloys, Al-Zn alloys also illustrated the grain sizes to be smaller and more 
uniform as the solute percentage was increased from 1 – 20%Zn. Moreover, there appeared 
to contain more porosities as the solute was increased, this resulted in the individual grains 
in high solute system (Al- 8, 12, 20 % Zn) not being clearly visible.  
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Figure 36: Macrostructure images of plain cast Al-Zn alloys from 1%Zn on the top left 
to 20%Zn on bottom right. 
 
The microstructure images of Al-Zn alloys were also found to possess finer and more 
uniform grain size above Al-8%Zn according to Fig.37.  
 
Figure 37: Microstructure of Al-Zn alloys plain cast with a range of Zn solute 
percentages. a. Al-1%Zn, b. Al-2%Zn, c. Al-5%Zn, d. Al-8%Zn, e. Al-12%Zn and          
f. Al-20%Zn. 
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5.2.3.2 (2) Role of ultrasonic treatment and Zn as solute 
The higher cooling rate achieved by the un-preheated sonotrode insertion, breaking and 
even distribution of dendrite arms formed around sonotrode throughout the melt of Al-Zn 
alloys during ultrasonic treatment reduced the grain size drastically from plain cast samples 
in Fig. 37 with large mm sized grains to fine spherical grains with size less than 200 micro 
meters Fig 38.  
 
Figure 38: Microstructure images of Al-Zn alloys with ultrasonic treatment and 
increasing solute additions. a. Al-1%Zn, b. Al-2%Zn, c. Al-5%Zn, d. Al-8%Zn,               
e. Al-12%Zn and f. Al-20%Zn. 
  
5.2.3.3 (3) Role of Al3Ti1B and Zn as solute 
The microstructures of Al-Zn alloys with Al3Ti1B grain refiner addition was also found to 
decrease the grain size due to the increase in sufficient potent heterogeneous nucleation 
sites, which works by lowering the time taken during solidification so that there will be a 
very low energy barrier. This is also supported by Mehdi and Mohsen Haddad (2014) that 
a low degree of undercooling is accomplished by the presence of numerous active nucleants 
and this is what happened in the casting with grain refiner.  
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Figure 39: Microstructures of Al-wt%Zn with an addition of 50ppm Ti in the form of 
master alloy and an increase in solute percentages. a. Al-1%Zn, b. Al-2%Zn, c. Al-
5%Zn, d. Al-8%Zn, e. Al-12%Zn and f. Al-20%Zn. 
  
From the phase diagram Fig. 25 it can be seen that after about Al-13wt%Zn there are 
intermetallic phases formed in the grain structure and this is confirmed by the 
microstructure of Al-20wt%Zn. In the grain refined Al-20wt%Zn alloy using Al3Ti1B 
master alloy larger areas of intermetallic phases are visible and present due to 
agglomeration. 
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5.2.3.4 (4) Combination of Ultrasonic and Al3Ti1B and Zn as solute 
The combination of ultrasonic treatment, 50ppm Al3TiB in the form of master alloy, and 
increases in solute compositions in Al-Zn alloys also decreased the grain size significantly when 
compared to the plain cast samples. However,  
 
Figure 40: Microstructures of Al-wt%Zn with ultrasonic treatment, 50ppm Ti addition in 
the form of Al3Ti1B and the increase of solute Zn. a. Al-1%Zn, b. Al-2%Zn, c. Al-5%Zn, d. 
Al-8%Zn, e. Al-12%Zn and f. Al-20%Zn. 
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 Comparison of Al-Zn alloys undergone plain cast, 
ultrasonic treatment, addition of 50ppm Ti (Al3Ti1B) 
and their combination to achieve grain refinement 
5.2.4.1 Al-1%Zn 
Figure 41: Comparison of microstructures of Al-1%Zn  undergone a. Plain cast, b. 
ultrasonic treatment, c. addition of Al3Ti1B and d. their combination  
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5.2.4.2 Al-20%Zn 
 
Figure 42: Comparison of microstructures of Al-20%Zn  undergone a. Plain cast, b. 
ultrasonic treatment, c. addition of Al3Ti1B and d. their combination 
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5.3 Effect of solute and cast conditions on grain refinement 
and Analytical model 
 
 
Figure 43: Figure showing the average grain sizes of Al-wt%Cu alloys undergone different 
treatment conditions 
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Figure 44: Figure showing the relationship between average grain size and inverse growth 
restriction factor Q. 
 
 
Figure 45: Figure showing the average grain sizes of Al-Zn alloys undergone different 
treatment conditions 
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Figure 46: Figure showing the average grain sizes of Al-wt%Zn alloys undergone different 
treatment conditions 
 
Using the analytical model described in the literature review gs bd a Q   [1], the 
corresponding equations of Fig.44 can be calculated.  
Table 6: Table 7 displays the constants a and b from eqn [1] when a linear fitting line is 
applied to the Fig.44 and Fig.46. 
Alloy  Plain Cast Ultrasonic 
Treatment 
Al3Ti1B Ultrasonic 
Treatment + 
Al3Ti1B 
Al-Cu a 1347 287 313 107 
Al-Cu b 1630 243 460 183 
Al-Zn a 1215 150 189 150 
Al-Zn b 275 10 25 10 
 
It can be seen from  Table 7 that plain cast samples have higher a value, which means the 
density of active nucleant particles are low compared to other conditions. Moreover, in plain 
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cast samples, higher b constant value is seen as well; this means that the nucleant particles 
present do not have high potency. Thus creating large grains.  
When the Ultrasonic treated and the 50ppm Ti added in the form of Al3Ti1B master alloy are 
compared it is observable from Table 7 that Ultrasonic treatment has the power to both 
decrease a and b constants. These lower constant values indicate that higher number of 
nucleants are activated and the particles have higher potency. In comparison to the 
combination of Ultrasonics and inoculation addition, this was found to mutually increase 
number of nucleant particles and the potency of those particles.  
According to the Table 7, values Zn was observed to have more of its nucleants being active 
and more potent than Cu. This is further visible from the Figures 21 and 23. Al-Zn alloys was 
found to have lower grain sizes than Al-Cu alloys.  
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5.4 Effect of solute and cast conditions on the Vickers 
hardness values.  
 Al-Cu average Vickers hardness measurements 
The average Vickers hardness can be used to quantify the relative yield strength of materials 
without the tensile testing. From Fig. 46 It can be seen that as the solute percentage of Cu is 
increased there appears to be an overall increase in the hardness values. This is visible in all 
the different conditions tested such as the plain cast, application of ultrasonics, addition of 
Al3Ti1B and their combination.  
 
Figure 47: The average Vickers hardness of Al-Cu alloys undergone Plain 
cast, ultrasonic treatment, Al3Ti1B addition and their combination ultrasonic 
treatment and Al3Ti1B addition.  
 
 Al-Zn average Vickers hardness measurements 
As can be seen from Fig. 47 that similar to the Al-Cu alloys, Al-Zn alloys also exhibit an 
increase in overall hardness values when higher solute percentage was present. Moreover, 
the increase of hardness measurements as the increase in solute was observable for all the 
Al-Zn alloys treated with different conditions.  
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Figure 48: The average Vickers hardness of Al-Zn alloys undergone Plain cast, 
ultrasonic treatment, Al3Ti1B addition and their combination ultrasonic 
treatment and Al3Ti1B addition. 
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6  Conclusion  
To sum up, 
 The increase of solute percentage in both Al-Cu and Al-Zn alloys were found to 
reduce grain size measurement compared to low solute composition.  
 The introduction of ultrasonic treatment into the alloy melt created slightly better grain 
refinement over the addition of 50ppm Ti in the form of Al3Ti1B master alloy. This 
shows that ultrasonic treatment can be used to eliminate the conventional grain 
refinement process of adding inoculants because applying ultrasonic treatment is alloy 
independent.  
 The combination of ultrasonic treatment, Al3Ti1B and solute addition can improve the 
grain refinement efficiency of Al-Cu alloys but not in Al-Zn alloys.  
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7  Experimental recommendation and future work 
 
 The master alloy addition and its combination with UT can be conducted in the 
induction furnace rather than an electrical furnace. This is because melt in an 
induction furnace is continuously being stirred which will be advantageous for the 
effectiveness of the master alloy mixing.  
 Also the transfer of superheated melt onto the cooling platform is not a safe way so if 
the cooling platform can be set up near the furnace it can benefit the safety.  
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9 Appendix 
9.1 The calculation of 50ppm Ti in Al3Ti1B Master Alloy  
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9.2 Cooling curves comparison for the four treatment 
conditions 
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Role of solute Cu in the plain cast Al-Cu alloys 
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Role of solute Cu in the Ultrasonic Treated Al-Cu alloys 
 
Role of solute Cu in the Al3Ti1B Master Alloy Al-Cu alloys 
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Role of solute Cu in the UT + Al3Ti1B Master Alloy Al-Cu alloys 
 
 
 
Role of solute Zn in the Plain Cast Al-Zn alloys 
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Role of solute Zn in the Ultrasonic Treated Al-Zn alloys 
 
Role of solute Zn in the Al3Ti1B Master Alloy Al-Zn alloys 
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Role of solute Cu in the UT + Al3Ti1B Master Alloy Al-Cu alloys 
 
 
 
 
